I. INTRODUCTION
Microplasmas are plasmas generated with at least one physical dimension on the millimeter or smaller scale. Microplasmas follow pD scaling, where p is the pressure and D is a characteristic dimension of the plasma. The small D allows the microplasma to exist stably at atmosphericpressures without arcing. The small physical scale of microplasmas can cause different plasma properties than vacuum plasmas. The literature shows microplasmas are nonquasineutral, 1 have high electron densities up to 10 16 cm
À1
, 2 nonequilibrium temperatures, 3, 4 non-Maxwellian electron energy distributions, 5, 6 and high specific power from kW/cm 3 up to MW/cm 3 . 7 The demonstration of high-pressure microplasma deposition of nanomaterials [8] [9] [10] [11] and etching of silicon 12, 13 have made them a topic of interest for material processing and biomedical applications. In low-pressure plasmas, physical probes such as Langmuir probes are a common diagnostic used to measure a range of plasma properties. However, the small size of microplasmas and high pressure operation make measurement of densities and temperatures with physical probes difficult. Langmuir probe analysis based on standard collisionless theory is typically not applicable for atmospheric pressure microplasmas. At atmospheric pressures, the plasma becomes highly collisional as the ion-neutral mean-free-path becomes smaller than the Debye length. Microplasma properties are thus usually measured using optical diagnostics such as optical emission spectroscopy with collision-radiative models [14] [15] [16] or Stark broadening, 17 laser induced fluorescence, 18 laser interferometry, 19 and laser scattering. 20 A few researchers have applied Langmuir probes to microplasmas with varying degrees of success. 17, [21] [22] [23] [24] [25] The main benefit of Langmuir probes over optical methods is their simplicity, low cost, and easy analytical solutions. Optical diagnostics can require significant capital investment and detailed mathematical models in order to obtain plasma properties. This paper presents characterization of an atmospheric microplasma (AMP) jet operating with argon gas. Cylindrical Langmuir probes are used to measure the plasma density and electron temperature in the free jet. Section II presents an overview of the various high-pressure Langmuir probe theories from the literature. Section III presents the experimental setup while Sec. IV presents the observed results. Finally, Sec. V discusses of the accuracy of the existing probe criteria and the potential causes for the observed plasma behavior.
II. HIGH-PRESSURE PROBE THEORY
Various solutions for high-pressure Langmuir probes already exist in the literature. 24, [26] [27] [28] [29] [30] [31] The theories were originally developed in the 1960s for application to flames and arcs. The results from the literature for the different operating regimes are collected here and summarized to assist readers.
A. Single Langmuir probes
Su and Lam 26 published some of the first work on highpressure Langmuir probes in the 1960s for spherical probes inside flames. They accounted for the effects of collisions and bulk convection in order to calculate the plasma density. Subsequent researchers expanded on the theory and developed variations for cylindrical and flat probes as well as methods to calculate other properties such as electron temperature, gas temperature, and electron number density. [31] [32] [33] [34] [35] The probes used in this work were of the cylindrical type; thus, only the cylindrical equations will be presented.
High-pressure single Langmuir probe (SLP) theory and operation can be divided into six regimes. 27 The regimes are delineated by three nondimensional numbers: the electric Reynolds numbers (R e ), a Debye ratio (a), and the probe bias
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Here, r p is the probe radius, v f is the bulk flow velocity, l i is the ion mobility (1.54 Â 10 À4 m 2 /N s for argon 36, 37 ), T eV is the electron temperature in units of eV, and V p is the probe bias voltage in volts. k D ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi e 0 kT e =n 0 e 2 p is the Debye length, where e 0 is the permittivity of free space, n 0 is the bulk plasma number density, and e is the elementary charge. Physically, R e is a ratio of ion transport due to flow convection versus ion diffusion and a is a ratio of sheath thickness to probe radius. The six regimes and the associated criteria and plasma density solutions are shown in Table I . Brief physical explanations of the regimes are provided in Secs. II A 1 and II A 2. More details can be found in the referenced literature.
Stationary plasma
The simplest case of high-pressure SLP is for a quiescent stationary plasma where R e < 1; thus, ion transport to the probe is controlled by normal diffusion processes and flow convection is negligible. At low bias voltages, the probe sheath is thin with respect to the probe radius (av ( 1 or r sheath % r p ), thus has a negligible effect on the collected current. 38 With increased voltage, the sheath grows and can affect the effective ion collection area. If the sheath is thick compared to the probe radius (av ) 1), the collection area becomes significantly larger than the physical probe area and causes the thin sheath equation to over calculate the density. Kiel added a factor R s to account for the increased collection area in the thin sheath equation. 29 
Flowing plasma
If there is a substantial bulk flow velocity, usually >1 m/s, then R e > 1 and the ion transport becomes flow convection dominated and the flow velocity becomes important. In a flowing plasma, a hydrodynamic boundary layer develops around the probe that is constant for a given flow velocity and is unaffected by the bias voltage. The relative thickness of the boundary layer compared to the sheath controls the collection of ions and gives rise to the four flowing regimes shown in Fig. 1 .
At low bias voltages, a thin sheath develops around the probe but is thinner than the hydrodynamic boundary layer. Ions will thus encounter the boundary layer before the sheath edge and be slowed and subsequently convected to the probe. The ion current is then convection and diffusion controlled, creating the diffusion-convection regime and occurs when the quantity R e a 2 v 2 ( 1. Sheath-convection (thin sheath)
27
Sheath-convection (thick sheath) As the probe bias is increased, for a fixed flow velocity, the sheath is still considered thin but grows thicker than the hydrodynamic boundary layer. Ions now encounter the sheath edge first, before the boundary layer. Thus, ion collection is dominated by the sheath acceleration as opposed to boundary layer convection. The ions that enter the sheath are then driven to the probe by the sheath field. The boundary layer may additionally slow the ions, but does not change their eventual destination. It is assumed the sheath becomes a space-charge region and all ions that cross the sheath edge are eventually collected. This regime is the thin sheath-convection regime and occurs when R e a 2 v 2 ) 1, R e av À1/2 < 1, and av ( 1. 35 At higher probe voltages, the sheath grows significantly thicker than both the boundary layer and probe. The effective collection area defined by the sheath edge is now large enough that it must be accounted. A space-charged sheath is still assumed. This regime is the thick sheath-convection regime and is represented by R e a 2 v
2 ) 1, R e av À1/2 < 1, and av ) 1.
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The final regime occurs at very high probe voltages when the sheath is very large and the flow velocity is high. At these conditions, ions that enter the sheath near the outer edge as shown in Fig. 1 can be convected out by the flow before they can be captured by the probe due to the sheath electric field. Now the sheath is no longer space-charge limited, and in a portion of the sheath, the ions are not collected. This regime is the E-field convection regime and occurs when R e av À1/2 > 1.
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B. Double Langmuir probes
The double Langmuir probe (DLP) is a floating probe used to measure electron temperature when the plasma potential can fluctuate. DLPs require lower voltages to obtain saturation as the entire probe is floating and the two filaments are referenced to each other. The high collisionality of the plasma can cause heat transfer from the cold probe to the hot electron, which results in a lower measured T e than the bulk electron temperature. The conditions for electron cooling are based on the rate of energy transfer from collisions and are given in Eq. (4) for stationary and Eq. (5) for flowing plasmas
Here, k en ¼ ð ffiffiffiffiffiffi ffi ð2Þ p r en n g Þ À1 is the electron-neutral collision mean-free-path, r en is the electron-neutral collision cross-section (1 Â 10 À20 m 2 for argon 40 ), m is the electron mass, M is the neutral mass,
is the average ion velocity, and T i is the ion temperature which is taken to equal the gas temperature.
For a symmetric double probe, T e can be obtained from dI p /dV p , the slope of the I-V curve at zero current, and the ion saturation current,
I i,sat in theory should be the same for both filaments, but in practice, the curve is not symmetric and the two filaments have different values. Thus, I i,sat is taken as an average of the saturation currents of both filaments.
III. EXPERIMENTAL SETUP
All experiments were performed on the AMP system at the Plasma and Electrodynamics Research Lab at the University of Alabama in Huntsville. The plasma was generated in a 6 mm outer diameter and 2 mm inner diameter (ID) fused quartz tube. A coaxial electrode comprised of a 1 mm diameter tungsten pin inside the tube and a 7 mm ID and 8 mm (5/16 in.) long stainless steel collar outside the tube was used. The central pin was grounded, and the outer collar was powered. A schematic of the experiment is shown in Fig. 2 . The AMP was operated at 13.56 MHz with a Yaesu FT-950 transceiver, an LP-100 A rf wattmeter, and an AT5K matching network. The transceiver has a maximum power of 100 W. An MKS mass flow controller metered the argon flow rate to the AMP. In all conditions tested, the mass flow rate was maintained at 60.02 slm, the rf power at 60.5 W, and the standing wave ratio (SWR) below 1.05.
The plasma number density and electron temperature were measured using SLPs and DLPs in the jet at variable axial locations. The probe filaments were tungsten wire 0.127 mm in diameter and 1 mm long. A thinner 0.05 mm diameter filament was also tested; however, it could not last more than a few voltage scans due to the occasional arcing between the filament and the electrode at high bias voltages. The 0.127 mm filament did not suffer noticeable damage from test to test, and all measurements could be obtained with a single probe. The filaments were held in either a 1.6 mm diameter alumina tube (SLP) or a 2.4 mm diameter double bore alumina tube (DLP). The DLP filaments had a separation of $1.3 mm. Ceramic paste was used to seal the alumina tubes to expose only a 1 mm length. The wires from the probes were passed into a grounded metal box that housed a pair of toroidal ferrites (M type from National Magnetics). The wires were wrapped 25 times around the ferrite to produce high impedance and filter out rf noise in the line. An isolated rf panel mount jack then took the probe signal out to a Labview controlled sourcemeter.
To reduce signal noise, three measurements were taken and average at each voltage step, a 0.3 s delay was added between each voltage step, and three voltage sweeps were taken for each operating condition. The three sweeps were then averaged to produce the final raw I-V curve. The raw data were then smoothed using a locally weighted scatter plot smoothing method before being analyzed. The smoothed data did not significantly alter the I-V curve. Select comparisons of the calculated properties from the raw and smooth data resulted in a <3% difference.
An estimated gas temperature was directly measured with a sheathed, ungrounded, type K thermocouple placed in the jet. The thermocouple sheath was connected to ground to prevent interference of the plasma current and rf signal with the thermocouple bead. The thermocouple was allowed to come to equilibrium for a minimum of 10 min before a temperature reading was taken. The temperature measured is actually the temperature of the metal sheath. The sheath, being exposed to the plasma, experiences additional energy fluxes from ion and electrons, as well energy due to surface recombination of molecular species. These factors will cause a deviation of the measured temperature from the true gas temperature. The deviation is expected to be minor, but is not explicitly calculated here.
IV. RESULTS
The AMP was tested at combinations of flow rates (0.5, 1, and 2 slm), forward rf powers (30, 50 , and 70 W), and 1 mm axial steps (2.54-6.54 mm) from the end of the quartz tube. Locations closer to the exit were not possible to measure due to close proximity to the electrodes that occasionally caused arcing. The diameter of the probe filament (0.127 mm) is sufficiently smaller than the 1 mm step to provide spatially resolution, even taking sheath growth into account. As will be shown later, even at the maximum 150 V bias applied, the sheath thickness is less than twice the probe radius. The gas temperature was measured for all flow rates and powers at 3.54 and 10 mm. Average flow velocities were calculated from the metered flow rate and the cross-sectional area of the quartz tube. 99.995% pure argon was used as the operating gas.
A. Dissipated power
While the AMP was tested at 30-70 W of forward rf power, the necessity of a matching network means not all power was absorbed by the plasma. The power measured by the LP-100 A is the total forward power into the load which consists of the matching network, coaxial cable, electrodes, and plasma. Direct measurement of rf power to the electrode and plasma requires a similar power meter inline between the matching network and the electrode. However, the meter would add extra impedances that will further reduce power to the plasma. An estimation of the power to the electrodes was obtained from the total coax loss of the load, and the dissipated power was estimated from the difference between the power with and without the plasma.
The coax loss was measured with a MFJ-259B antenna analyzer. The cable and electrode had a combined loss of 0.1 dB and an impedance of 0þj26 X, or pure reactance. The zero real resistance of the electrode means there is a negligible amount of conductor mass. The electrode was then connected to the rf system, and the matching network was tuned at 50 W to obtain an SWR of 1.02. The entire load, being the matching network, cable, and electrode, was then analyzed. At 13.56 MHz, the coax loss was 13 dB and impedance was 47 þ j4 X. The matching network provides sufficient impedance to create a 50 X load; however, as all of the real resistance is provided by the matching network, 95% of the power is dissipated by it. The electrode and thus plasma sees <5% of the forward rf power.
An rf power difference measurement was also taken to estimate the power dissipated by the plasma. 41 The system was first matched at a given power without gas or plasma, and then the plasma was ignited and the increase in power was recorded. With the plasma, the SWR of the load also increases. Figure 3 shows the power without plasma, P off , with plasma, P on , and the dissipated power, P diss . The inline current was monitored with a Pearson 411 current sensor connected to an oscilloscope. The rms current at a given power remained constant with and without plasma. The measurements show a total dissipated power from 1 to 2.3 W from 50 to 90 W. Lower power conditions could not be tested as the plasma could not be ignited below 50 W, though it could be sustained down to 30 W. Any effect of different flow rates on the coax loss and dissipated power were too small to be observed. 
B. Physical description
Images of the AMP jet at the different operating conditions are shown in Fig. 4 . Increased rf power produced a larger volume plasma that extended up the central pin and out as a longer jet. The changing plasma volume was also seen in the probe traces, as far downstream locations for 30 W did not have sufficient current to calculate the plasma properties as shown in Fig. 5 . There is little difference in the visible jet length with changing flow rates. However, at 2 slm, the jet appears to fluctuate and the gas flow is clearly heard as a rushing sound out of the quartz tube, likely caused by flow turbulence.
C. Gas temperature Figure 6 is a plot of the estimated gas temperature measured at the two axial locations. The gas temperature increased with power and decreased with flow rate. Higher rf power deposits more energy into the gas which will increase temperature. Higher flow rates would entrain more ambient cold fluid, which will decrease the temperature. The temperature at 10 mm, which is far downstream of the jet, is only slightly colder than the 3.54 mm value, about 2%-6%. The similarity indicates the gas temperature is relatively constant throughout the jet; thus, the 3.54 mm temperature will be used in calculations.
D. Electron temperature
The high-pressure SLP equations require the electron and ion temperatures to calculate plasma density. The ion temperature can be assumed to equal the gas temperature due to the high collision rate and similar mass between ions and neutrals. The electron temperature can be obtained from the DLP as it does not require a priori knowledge of the plasma density or temperatures. The calculated electron temperatures for 30-70 W as a function of distance are shown in Fig. 7 . At 30 W, the jet was shorter and the probe did not collect sufficient current at downstream locations to allow analysis. The uncertainty in T e is 15% due to the uncertainty in the averaged data sets and the radial probe location.
The electron temperature shows an increase with distance and flow rate, especially at low power. 30 W showed the highest temperature at 4.38 eV for 2 slm flow. This behavior can be attributed to faster recombination of low energy electrons in the jet and increased flow mixing at high velocities which will be discussed in more detail in Sec. V B 2.
E. Plasma density and SLP regimes
In the AMP, the I-V curve has a clear ion saturation region but has ill-defined electron saturation as shown in Fig. 8 . This is due to the probe's lack of an accessible reference electrode. The plasma jet emanates into ambient air, and the ring anode is isolated by the quartz tube. The center pin is a ground, but it is located $1 cm upstream of the probe. Ions repelled from the probe at positive voltages are unable to reach the pin as the plasma is collisionally dominated and ions are convected downstream. The mean-free-path of ion-neutral collisions is $0.04 lm, much smaller than the distance to the grounded pin. Thus, without an accessible electrode in contact with the plasma to act as reference and provide a path for the repelled ions, the sheath surrounding the probe continues to grow with the bias voltage and causes the electron current to continuously increase. The resulting I-V curve makes it questionable to obtain properties from the electron retardation and repulsion regions, but the ion saturation region can be used reliably to find the plasma density. As shown in Fig. 8 , once ion saturation is reached, it is nearly constant; thus, the value of the ion saturation current is the average taken between À140 and À150 V, and a value of 145 V was used to calculate the nondimensional voltage.
An effort was made to obtain the electron temperature from the SLP data by plotting the data on a semilog graph to help locate the "knee" in the curve where electron saturation begins. The electron temperature can then be approximated as the inverse of the slope of the electron retardation region in the same fashion as low pressure plasmas. 42 However, the results were highly error prone and resulted in very high temperatures (10-20 eV). Thus, the results from the DLP were used.
A set of experiments were conducted to examine the differences between the various SLP probe regimes. The AMP was set at 50 W, and the flow rate was varied. The flow rate directly affects the flow velocity and thus the R e criteria. The resulting probe regime criteria at 50 W are shown in Table II . The plasma begins in the stationary regime at 0.5 slm and becomes a flowing plasma at 1 and 2 slm. The calculated electron cooling criteria shows negligible cooling for all cases ((1).
For the flowing plasma, the criteria R e a 2 v 2 ) 1 and R e av À1/2 < 1 place the probe in the sheath-convection regime. The sheath thickness criteria used here follows Smy 27 who gives that the sheath is thick if av ) 1 and thin if av ( 1. However, the conditions tested here are between the two regimes. There is no analytical solution for the intermediate sheath regime; however, the thin and thick sheath-convection solutions produce very similar values for plasma density. For example, the 50 W, 2 slm case gives a plasma density of 4.31 Â 10 18 m À3 with thin sheath-convection, and 4.99 Â 10 18 m À3 with thick sheath-convection, a difference of 15%. The inherent uncertainty of the sheath-convection solutions is greater at 630%. 34 The sheath thickness does make a large difference for a stationary plasma however. The four different regimes (thin and thick stationary, thin and thick sheath-convection) as a function of probe location at 50 W and 1 slm are shown in Fig. 9 . In general, the stationary solutions produce higher density than the flowing solutions. The probe measurements in this work thus fall into two regimes: thick stationary at 0.5 slm, and thick sheath-convection at 1-2 slm. These behaviors also hold for 30 and 70 W. Figure 10 plots the plasma densities, using the appropriate regimes, as a function of axial location with curves of flow rate. For locations where no electron temperature data were available, the previous upstream value was used. There is a decrease in density with distance as is expected. However, the highest power does not produce the largest density. The maximum plasma density is observed at 1 slm as opposed to 2 slm where the electron temperature is the largest. At 70 W, the plasma density is approximately constant across all flow rates, suggesting a level of ionization that is largely independent of the flow. Figure 10 also indicates that the maximum densities for the 30 and 50 W cases are obtained at 1 slm. The sheath-convection solution given by Clements has an inherent 630% uncertainty. Experimental uncertainties were determined by comparing the density from the three raw I-V curves with the final averaged density. The uncertainties were less than 30% for all operation conditions. Thus, the larger 30% is used for error bars in the density data.
The temperature and density results can be compared to similar rf microplasma jets generated with a pin-tube geometry. Hofmann et al. used a similar set up with a tungsten needle in a 1.5 mm ID glass tube driven at 11.66 MHz. 41 With argon gas, he obtained a gas temperature of 375-540 K using Rayleigh scattering and an electron density of 2 Â 10 19 -1 Â 10 20 m À3 using Stark broadening of hydrogen lines. Benedikt et al. generated an argon microplasma in a 1 mm ID ceramic tube with a steel capillary driven at 13.56 MHz. 43 He obtained a gas temperature of 350 6 50 K with emission of OH rotational bands and an electron density of 5.4 Â 10 20 m À3 with Stark broadening of hydrogen. Mariotti et al. use a 0.7 mm ID quartz tube with a titanium wire driven at 450 MHz. He measured the gas and electron temperature inside the tube with emissions spectroscopy and obtained a gas temperature of 850-1175 K and electron temperature of 1.8-3.1 eV. The high gas temperature is likely due to the measurement being taken of the plasma inside the tube instead of in the jet. The results obtained in this work with thermocouples and Langmuir probes fall within the range measured by other researchers. The measured density is lower while the electron temperature is higher compared to the literature. It is difficult to make direct comparisons, however, as the gas flow rate, tube size, power source, and other experimental factors can contribute to differences in the plasma properties.
V. DISCUSSION
A. Sheath growth on SLP regime criteria
The six SLP regimes are physically divided by two properties: gas velocity and sheath thickness. Gas velocity determines whether the plasma is considered stationary or flowing and is based on the electric Reynolds number. The sheath thickness affects both stationary and flow regimes, and the sheath growth splits the flowing regime even further. The two criteria important in this work that have physical dependence on the sheath thickness are R e a 2 v 2 , which divides the diffusion-convection and sheath-convection regimes, and av which divides the sheath thickness regimes. Since both R e and a are constant for a given flow rate and power, then sheath thickness is primarily a function of the probe voltage, v, which increases linearly. Thus, the av criterion assumes that the sheath thickness increases linearly with voltage. However, physically the sheath is nonlinear with voltage. The distance from the probe center to the sheath edge, r s , in a collisional plasma can be calculated using Sheridan's model. 44 The distance from the probe center to the edge of the hydrodynamic boundary layer, r h , can be approximated as 45 where R h is the standard hydrodynamic Reynolds number for a cylinder ðR h ¼ qv f r p =lÞ, and q ¼ 1:66 kg=m 3 and l ¼ 2:1 Â 10 À5 N s=m are the density and dynamic viscosity of argon.
R h varies from 13 to 53 for the 0.5-2 slm flow rates tested here. These values indicate the boundary layer should be laminar, symmetric, and may have some shedding behavior at 2 slm. The comparison of av, r s /r p , r h /r p , and R e a 2 v 2 as a function of voltage for an example flowing plasma is shown in Fig. 11 . The sheath growth criterion (av) grows linearly with voltage, but the actual nondimensional sheath thickness (r s /r p ) has much slower increase. The nondimensional boundary layer thickness (r h /r p ) is constant as it only depends on the flow velocity.
As the probe voltage is increased from 0 V, the first criterion reached is R e a 2 v 2 ¼ 1 which separates the diffusion-and sheath-convection regimes at about 9 V. Recall the physical difference between these two regimes is the relative thickness of the boundary layer and sheath. From comparison of the calculated sheath and boundary layer thickness, we see that r s /r p > r h /r p also around 9 V. Thus, R e a 2 v 2 ¼ 1 is an accurate criterion for the two flowing regimes. At 15 V, the thin/thick sheath limit is reached where av ¼ 1. The definition of a thick sheath (av ) 1) leaves some room for debate on where the thick sheath begins. Clements in his work with flame plasma used r s /r p ! 2 as the thick sheath criterion. 34 However, as Fig. 11 shows, the calculated sheath thickness r s /r p grows slowly, and only reaches a value of 1.77 at 150 V while av ¼ 10.2. Thus, the sheath does not reach Clements's factor of 2 for a thick sheath, but the criterion suggests the sheath is thick. This disagreement indicates the thin sheath-convection regime may extend to much higher voltages and values of av than current theories suggest. This result would also mean the thick sheathconvection solution used here for 1 and 2 slm is inappropriate. However, as noted before, the differences in results between the thin and thick flowing solutions are less than the uncertainty, so the loss in accuracy is minor. For intermediate flowing sheath thickness regimes, it may be acceptable to rely on the thin sheath solution as it is easier to solve.
B. Causes of observed changes
The results for plasma density and electron temperature show interesting behaviors. The four main observations are as follows: (1) T e increases further away from the exit, (2) T e increases with flow rate, (3) T e is highest at the lowest power, and (4) plasma density is noticeably higher at 1 slm than 0.5 or 2 slm. The potential causes for these behaviors are discussed below.
Probe error and perturbations
The first case of results due to erroneous probe data can be ruled out by examination of the raw probe data. Figure 12 shows the DLP data for 50 W at 3.54 mm for the different flow rates. These three curves produced the 3.54 mm T e data in Fig. 7 . All three curves exhibit clear saturation and a consistent intersection. The slope at zero current, dI p /dV p , which determines the electron temperature, is shallowest for 2 slm, thus producing a larger temperature. So while the exact values of the T e may have some uncertainty, the trends are correct, namely, high flow rate produces high temperature. It is also known that T e obtained from DLPs capture the higher energy tail of the energy distribution. Swift calculated that DLPs only measure the upper $14% of the electron energy distribution. 46 Thus, the high T e values obtained here may only represent the high end tail of the distribution. In lowpressure plasmas, the electron energy distribution can be obtained from the SLP data, but the lack of a reliable electron retardation and saturation regions makes that approach infeasible.
The probes can also perturb the plasma properties and produce skewed results. The probes can affect the plasma both electrically though the bias voltage and physically as a bluff body in the flow. The rf power and SWR readings were used to determine perturbations due to the probe voltage. No changes were seen with and without the presence of the probe and bias voltage. The occasional arcing between the filament and electrode did cause changes in rf power and SWR; however, the readings returned to normal once the arcing ceased or the probe was removed.
The physical probe size is a larger concern. In these experiments, the probe diameter and length are 6.4% and 50% of the diameter of the microplasma jet. At the low hydrodynamic Reynolds numbers tested here, <53, the cylindrical probe should not significantly disturb the flow. Turbulent separation in the wake typically occurs at Reynolds numbers >90. 45 The 1 mm length of the probe however means the probe may not always be fully immersed in the plasma, or different section of the probe sees different regions of the plasma. The large probe length can cause higher electron temperature since the low energy electrons will be collected first. However, the trends should be correct as any probe effects will be consistent across all the tests.
Collisionality and turbulent flow effects
The second possible cause of the observed behaviors is high-pressure operation and, in particular, the emission of the plasma jet into the ambient air. The two key differences between vacuum plasmas and atmospheric-plasmas are the large increase in charged particle-neutral collisions and the potential for continuum fluid effects. Inside the discharge tube, the plasma properties should be largely independent of flow rate. The temperature and density should be mainly functions of the neutral density and power. In the jet, however, the different flow rates cause varying fluid mechanical behaviors that can alter the plasma. The number density of charged particles seen here are of similar magnitudes as many vacuum plasmas. However, in the AMP, the neutral density is always orders of magnitudes larger than the plasma density. This means collisions with neutrals dominate over all others. The majority of the electron-neutral collisions will be momentum transfer and direct impact ionization is unlikely at these low temperatures. The electron temperatures are <5 eV and represent the higher 14% of the energy distribution. Thus, the vast majority of the electrons are at a much lower temperature. Electrons are lost primarily to recombination reactions with ions as there are no wall losses in the jet. The higher T e farther from the exit (observation 1) and at lower powers (observation 3) are likely due to the preferential electron-ion recombination of low energy electrons. The argon global electron ion recombination rate, k r , from Annaloro et al. 47 for the reaction Fig. 13 using their equation k r ¼ 9:41 Â 10 À44 T 0:368 e e 45430=T e , where T e is in Kelvin. The recombination rate changes significantly at low temperatures, and from 1 to 4 eV, there is an order of magnitude decrease. Thus, lower energy electrons are more likely to recombine the longer they are in the jet, leaving the higher energy electrons to be collected by the probe. At higher powers, there is also increased ionization and a larger plasma volume as seen in the photos, which in the presence of high collisionality would serve to spread the energy and reduce the average electron temperature. Thus, the temperature is slightly higher at lower powers where the plasma volume is significantly smaller.
Atmospheric-pressure operation also allows the appearance of continuum fluid dynamics which can alter the behavior of the plasma jet. Due to the highly collisional nature of the plasma, it becomes strongly affected by convective forces. As such, flow structures and turbulence play a role. Since the measurements were taken in the plume of the jet, the increase in electron temperature and decrease in density at 2 slm (observation 2) may be due to increased mixing with ambient air at higher flow rates, which can increase electron depletion via neutralization or increase diffusion. The jet Reynolds number is R jet ¼ qv f d=l, where d is the initial jet diameter which is equal to the inner diameter of the quartz tube. At 0.5, 1, and 2 slm the jet Reynolds numbers are 419, 838, and 1677, respectively. As R jet increases, the jet would cause larger shear layers and thus increased mixing between the jet and ambient air. The increased shear will increase the rate of radial spread of the jet velocity and particles. Labus conducted atmospheric-pressure microjet experiments with helium emanating from a 2.54 mm nozzle. 48 He tested a range of R jet from 155 to 5349. His results show the potential-core length increases until R jet $ 1000-1500 and then falls. The potential-core is the region of a jet flow where the velocity is still equal to the initial exit velocity. In the potential-core, mixing with the ambient air has not yet occurred. At R jet > 1000-1500, entrainment and jet spreading caused momentum loss faster than the momentum increase from higher exit velocities. The same phenomenon is likely occurring in the AMP jet as flow rate increases. From 0.5 to 1 slm, FIG. 13 . Global argon ion recombination rate as a function of electron temperature.
the jet potential core grows and the jet can be considered laminar; thus, the plasma density at a given location will increase as ions are convected downstream by the bulk flow (observations 1 and 4). At 2 slm, the jet is beyond the maximum potential core R jet and begins to experience increased momentum loss due to entrainment and mixing. The entrainment of ambient air via the shear layer and vortices will increase collisions, possibly further depleting the low energy electrons at high flow rates.
The entrainment of ambient molecular species also changes the plasma chemistry at the boundaries of the jet. As noted by other researchers, the jet produces species such as ozone and atomic oxygen 49 and OH 50 even when pure helium or argon gas is used. The electron induced chemistry will change the electron temperature and ion densities, in addition to any mixing effects.
VI. CONCLUSION
This work measured the plasma density and electron temperature of an atmospheric-pressure rf microplasma using Langmuir probes. Analysis of existing high-pressure probe methods originally developed for thermal equilibrium flames and arcs shows some discrepancies in the sheath thickness criteria, but the effect is minor. The probes provide a spatially resolved set of data that indicates that the electron temperature is higher farther from the jet and at lower powers. This behavior is attributed to both high collisionality that depletes low energy electrons via neutralization collisions and continuum flow turbulence that increases the loss of low energy electrons from mixing with cold ambient air. The plasma density is highest at 1 slm likely because turbulence transition has not occurred and the bulk flow velocity controls the charged particle motion more than diffusion; thus, the plasma is able to reach further downstream. The results suggest that there is an optimal operating condition for maximum density or temperature. The results also indicate the ability to tailor the AMP jet properties using not only power but also flow rate and distance to the target for processing applications. The use of Langmuir probes for microplasma is promising, especially for spatially resolved jet measurements; however, there are still questions on accuracy and plasma perturbations that must be answered.
